Gremlin1 (grem1) has been previously identified as being significantly up-regulated during regeneration of Xenopus laevis limbs. Grem1 is an antagonist of bone morphogenetic proteins (BMPs) with a known role in limb development in amniotes. It forms part of a self-regulating feedback loop linking epithelial (FGF) and mesenchymal (shh) signalling centres, thereby controlling outgrowth, anterior posterior and proximal distal patterning. Spatiotemporal regulation of the same genes in developing and regenerating Xenopus limb buds supports conservation of this mechanism. Using a heat shock inducible grem1 (G) transgene to created temperature regulated stable lines, we have shown that despite being upregulated in regeneration, grem1 overexpression does not enhance regeneration of tadpole hindlimbs. However, both the regenerating and contralateral, developing limb of G transgenics developed skeletal defects, suggesting that overexpressing grem1 negatively affects limb patterning. When grem1 expression was targeted earlier in limb bud development, we saw dramatic bifurcations of the limbs resulting in duplication of anterior posterior (AP) pattern, forming a phenotypic continuum ranging from duplications arising at the level of the femoral head to digit bifurcations, but never involving the pelvis. Intriguingly, the original limbs have AP pattern inversion due to de-restricted Shh signalling. We discuss a possible role for Grem1 regulation of limb BMPs in regulation of branching pattern in the limbs.
Introduction
Gremlin was first identified as a bone morphogenetic protein (BMP)-specific antagonist and dorsalising factor in Xenopus laevis (now termed Gremlin1 and hereafter referred to as Grem1 Hsu et al., 1998) . The protein product acts as a glycosylated homodimer, and contains a cysteine knot motif (Wordinger et al., 2008) in common with other extracellular BMP antagonists, such as Noggin, Chordin, Follistatin, Cerberus, DAN, and PRDC or Gremlin2 (reviewed in Brazil et al., 2015) . Grem1 has a well-established role as a BMP antagonist in development of two vertebrate organs, the kidney and the limb (Khokha et al., 2003; Michos et al., 2004) , and is known to bind with high affinity to BMPs 2, 4 and 7 (Eimon and Harland, 1999; Hsu et al., 1998) . The balance between BMP antagonists and BMPs themselves is critical not only for development but also has a role in cancer, skeletal homeostasis and fibrosis of the kidney as well as other organs (for review, see Brazil et al., 2015) .
The role of Grem1 as a BMP antagonist in limb development was identified soon after its discovery (Capdevila et al., 1999; Merino et al., 1999) . Tetrapod limbs develop autonomously from limb buds, which in turn develop from perpendicular outgrowths of lateral plate mesoderm (LPM). The early vertebrate limb bud is comprised of mesenchymal cells surrounded by ectoderm, and its subsequent growth and development requires reciprocal signalling between these two cell types (for review see Butterfield et al., 2010; Zeller et al., 2009) . Normal developmental patterning of the vertebrate limb is regulated by two main signalling centres, the apical ectodermal ridge (AER), a morphological boundary between the dorsal and ventral ectodermal surfaces of the limb bud, and the zone of polarising activity (ZPA), which resides in the posterior/distal mesenchyme. Repression of BMPs by Grem1 links these two centres forming part of a self-potentiating feedback loop (Zuniga et al., 1999; Capdevila et al., 1999; Khokha et al., 2003; Michos et al., 2004) . The AER expresses several members of the fibroblast growth factor (FGF) signalling growth factor family, principally fgf8, and directs distal growth of the limb bud. Removing the AER in amniote embryos results in a truncated limb (Summerbell, 1974) , since embryos cannot recover from the developmental loss of this signalling centre, nor can they regenerate limbs. Expression of the Shh morphogen in the ZPA directs AP pattern of the distal half of the limb bud, comprising the future zeugopod and autopod (Chiang et al., 2001) . Reciprocal expression of shh and grem1 in the remaining mesenchyme, along with AER fgf8, form a feedback loop that maintains function of the AER (Khokha et al., 2003; Niswander, 2002; Scherz et al., 2004) . The loop is terminated by a negative feedback mechanism triggered by threshold levels of FGFs in the AER, after which expression of fgf8, shh and grem1 itself, decline (Verheyden and Sun, 2008) . Recently, conditional grem1 overexpression in the mouse limb bud mesenchyme was shown to result in polydactyly, suggesting that restriction of grem1 is important in establishing digit number .
In comparison to amniotes, we know relatively little about how limbs are formed in amphibians. Limbs develop late in this group, with some exceptions, and the source of the limb bud cells is different, as they migrate from the coelomic epithelium (Tschumi, 1957) . In amniotes, where the limb develops early in embryogenesis, limb buds are pre-programmed with AP information from the LPM. Since most frog limbs develop much later and are made up of cells that migrate from the coelomic epithelium (Tschumi, 1957) , it is not clear to what extent this pre-pattern is present in amphibian limb buds, if any. In axolotls, which can regenerate their limbs throughout life, there is neither a morphological AER in developing limbs nor is expression of fgf8 restricted to the ectoderm or dorsal/ventral boundary (Han et al., 2001 ). In the anuran amphibian X. laevis however, there is both a morphological ridge (Tarin and Sturdee, 1971 ) and a localised expression of fgf8 indicating a functional AER (Christen and Slack, 1997) . This localised expression of fgf8, but not the morphological ridge, is re-established in young, regeneration competent Xenopus limb buds (Christen and Slack, 1998) . Fgf8 transcripts are localised in the basal columnar cell layer of the multi layered apical epidermal cap (AEC) in both Xenopus limb bud (Wang and Beck, 2014) and axolotl limb regeneration (Han et al., 2001) . Shh is expressed, similarly to amniotes, in the ZPA of developing limbs, and this is re-established during regeneration (Christen and Slack, 1998; Endo et al., 1997) . This would seem to indicate that the Shh-Fgf loop is conserved in amphibians and that it functions in both limb development and regeneration, however, the role of Grem1 in regulating this loop in amphibians has not yet been addressed.
In addition to its role in limb development in amniotes, grem1 has also been identified as one of the most up-regulated genes in 1 to 5 day regenerating X. laevis limb buds in two independent studies (Grow et al., 2006; Pearl et al., 2008) . We have previously demonstrated a role for BMP signalling in limb regeneration in X. laevis by overexpressing noggin in a temporally controlled manner using a heat shock inducible promoter system (Beck et al., 2006) . In these experiments, ectopic Noggin was able to completely ablate regeneration of early, regeneration competent limb buds, but also showed defects such as oligodactyly and brachydactyly in the contralateral, non-operated limb (Jones et al., 2013) . Ectopic expression of noggin in chicken limb buds using the RCAS virus system had been previously shown to produce a similar range of defects, in the most extreme cases resulting in formation of only a single digit like structure from the limb bud (Capdevila and Johnson, 1998) . Conversely, in younger larval Xenopus, induction of noggin at stages 49-50, when limb buds have become autonomous, resulted in ectopic limb formation (Christen et al., 2012; Jones et al., 2013) . However, since endogenous noggin is not expressed in the limb mesenchyme early (Beck et al., 2006) and mouse knockouts develop with fairly minor skeletal defects (Brunet et al., 1998) we decided to investigate the role of Grem1, which has a known role in early limb patterning.
Materials and methods
2.1. Culture of X. laevis tadpoles X. laevis embryos were generated as described previously (Beck et al., 2006) and cultured in 0.1 × MMR without antibiotics until stage 48, when they were transferred to 10-litre tanks and were fed daily with a slurry of spirulina powder and salmon starter food. About 20% of the 0.1 × MMR water was exchanged for carbon filtered tap water each day. Once feeding (stage 48) was established, tadpoles were transferred into a Marine Biotech XR1 aquarium at a density of approximately 25 tadpoles per litre with slow automatic water recirculation. They were staged according to Nieuwkoop and Faber (1967) .
All experiments involving animals were subjected to New Zealand's welfare standards for vertebrates and were reviewed by the University of Otago Animal Ethics Committee. The Animal Ethics Committee approved all experiments under protocols AEC 56/09 and 56/12.
In situ hybridization
Whole-mount in situ hybridization of tadpole limbs was performed as previously described in Harland (1991) with modifications for limbs as described in McEwan et al. (2011) . The Xenopus gremlin1 (grem1) probe has been previously described (Pearl et al., 2008) as have the probes used for shh, sox9 (Jones et al., 2013) and fgf8b (Wang and Beck, 2014) . Lmx1b (based on the sequence of Haldin et al., 2003) probe was made using forward primer ACCCATTTCAGACCGGTTCC and reverse primer GGGTCTGTGCTGTAGCTGTT to amplify 807 bp of reverse transcribed RNA from stage 48 to 55 X. laevis limb buds. This partial sequence was cloned into pCR4-TOPO (Life Tech) and verified by sequencing. NotI restriction and T3 RNA polymerase transcription was used to generate an antisense, Digoxigenin-labelled RNA probe. mRNA was detected with NBT/BCIP staining to yield a dark purple precipitate.
Transgenic Xenopus lines
Fourteen transgenic founders were produced with confirmed insertion of the G transgene (Hsp70-grem1-γ-crystallin-RFP) and raised to adulthood. Transgenic animals were made by sperm nuclear injection using the method described in (Kroll and Amaya, 1996) with modification as in (Beck et al., 2003) . The G6 transgenic F1 or F2 tadpoles used for the experiments in this study, were produced from outcrossing the G6 male founder frog, or one of his sons, containing a single insertion of the Hsp70-grem1-γ-crystallin-RFP transgene (Fig. 2) . Transgenic animals were identified by the presence of RFP in the lens of the eye from around stage 45.
Hindlimb regeneration
All hindlimb amputations were at future knee level on the right limb. The amputations were performed using Vannas iridectomy scissors while the tadpoles were anaesthetised in 1/4000 (w/v) tricaine (MS222, Sigma). Heat shocks were used to regulate transgenic activity through immersion of tadpoles in water adjusted to 34°C for 30 min followed by return to normal aquarium temperature at 25°C. This heat shock regime was applied five times: once 2 h before limb amputation, and then daily for four days after amputation. Regeneration was scored at stage 58 as present if any identifiable limb skeletal structures formed, ranging from a single toe or spike to a fully formed limb. Nonregeneration was defined as a stump, where the wound had simply healed over with full thickness skin.
Heat shock activation of grem1 during limb development
Tadpoles were grown to the appropriate limb stage (48, 49, 50, 51 and 52) at ambient aquarium temperature (25°C) before initiating a series of daily heat shocks of 34°C for 30 min, by transferring to warmed aquarium water in 500 ml conical flasks in a water bath set to 34°C, using a fine net. After the 30 min, tadpoles were returned to their original tanks. Daily heat shocks were applied for 5 days after which animals were maintained until they reached stage 58, when forelimbs become visible. Wild type tadpoles were also heat shocked as controls but showed no phenotypes, indicating that the phenotypes in G6 tadpoles were the result of the transgene.
Bone and cartilage staining
Bone and cartilage staining of tadpoles was performed as described in Newman and Dumont (1983) with modification as in Jones et al. (2013) . Tadpoles were fixed overnight in 4% formaldehyde and bleached using 5% H 2 O 2 in PBS (v/v). Alcian blue was used for staining the cartilage components. For staining of the calcified bone structure, the samples were subjected to maceration of the muscle tissues by immersion in 1% KOH (v/v) prior to staining with Alizarin red S (10 mg in 100 ml of 1% KOH).
Photography and illustrations
For photography, cartilage and bone stained tadpole samples were immersed in 50% glycerol/50% ethanol, while in situ hybridizations and pre-stained limb samples were immersed in PBSA. Microscope slide cover slips were used to hold samples in a particular orientation. Photographs were taken using a Leica MZ FL III fluorescence stereomicroscope with attached Leica DFC320 camera and Leica IM50 software.
Figures were prepared using Adobe Photoshop CS3 and Inkscape.
Results

Expression of shh and grem1 is reciprocal during regeneration, but overlaps in developing limbs
Our previous work (Pearl et al., 2008) had shown that grem1 is expressed in the mesenchyme of developing and regenerating limb buds, but some differences were apparent on comparison to the known amniote expression pattern. Patterning of the autopod depends on Shh signalling from the ZPA located in the posterior distal mesenchyme. Both the concentration of Shh, and the duration of exposure to Shh signalling, influence digit specification reviewed in (Towers et al., 2012) . The mouse grem1 gene is directly regulated by Gli, a downstream transcription factor that is activated by Shh signalling . During limb bud development in chickens, grem1 is neither expressed in cells making Shh (the ZPA), nor in the descendants of these cells (Scherz et al., 2004) .
We first compared the spatio-temporal expression of shh, grem1 and previous data on fgf8 (Wang and Beck, 2014) during limb bud development in Xenopus (Fig. 1A-L) . In Xenopus hindlimbs, shh transcripts are first detected by in situ hybridisation at stage 50, and are most strongly expressed at stage 51. Expression was always in the distal/posterior mesenchyme, and was maintained longest in the region that will form digit V. Grem1 was also expressed in distal mesenchyme from stage 50, but by early stage 51 it was absent from the region that is fated to give rise to the most distal autopod (fated to give rise to metatarsals and phalanges according to Tschumi (1957) . Notably, there were some differences from amniotes: shh and grem1 do not appear to be exclusive, with predicted overlap in the region of the posterior tarsus/fibula. Furthermore, grem1 transcription was not restricted to the posterior mesenchyme. Overall, expression data in developing frog limbs supported the two phase feedback loop model of Verheyden and Sun (2008) as illustrated in Fig. 1X , Y.
Gene expression in the regenerating limb bud resembled the amniote model more closely, with restricted and reciprocal de novo expression of shh posteriorly and grem1 anteriorly ( Fig. 1M-W ). Grem1 expression appeared earlier than that of shh, with expression detectable by 1 day post-amputation (dpa). Grem1 was again cleared from the distal mesenchyme by 3-4 dpa, persisting longest in the anterior. Therefore, in both developing and regenerating Xenopus limbs, grem1 regulation supported a similar role in limb development as has been previously described in amniotes (Verheyden and Sun, 2008) (Fig. 1X, Y) .
Stable transgenic lines of Xenopus overexpress grem1 in all tissues for at least 24 h after heat shock
The full coding sequence of grem1 (refseq: NM_001090277.1) was cloned downstream of the inducible Hsp70 promoter of the previously described transgenic plasmid vector (hgem− (Beck et al., 2006) , with RFP substituted for GFP as the reporter ( Fig. 2A) . Transgenic founders were established using the method of Kroll and Amaya (1996) and 14 individuals were raised to maturity. The G6 male founder results are presented here, similar results were obtained with another founder, G1, indicating that phenotypes are not dependent on insertion site. G6 produced 50% transgenic offspring when backcrossed to a wild type female, indicating a single insertion site of the transgene. At 16°C, embryos developed normally to tailbud stages and expressed restricted grem1 as expected, from the endogenous gene. At higher temperatures, phenotypes typical of late gastrula stage BMP inhibition manifested in the transgenic embryos. Older stage tadpoles and frogs were able to tolerate normal aquarium temperatures (20 to 25°C with no abnormalities detected. Heat shock treatment of heterozygote embryos resulted in production of high levels of grem1 transcripts throughout the embryo ( Fig. 2B ) from 1 h after heat shock, and persisting until at least 24 h after the heat shock. Wild type sibling embryos were unaffected by the heat shock, but heterozygotes treated at stage 14 (early neurula) developed a distinctive phenotype, similar to that seen in noggin (N1) overexpressing transgenics, indicative of interference with BMP signalling during early embryonic patterning and organogenesis (Beck et al., 2006) .
Grem1 overexpression does not enhance regeneration of hindlimbs in Xenopus
The hindlimbs of Xenopus tadpoles regenerate efficiently at early stages, but the quality of the regenerated structure progressively declines from stage 53 onwards (see Beck et al., 2009 for review). Since grem1 is up-regulated during successful regeneration, we tested the ability of ectopic Grem1 to enhance regeneration in later stage limbs. Offspring from backcrossing either the G6 founder male or one of his sons (G6.1) to wild type females were raised to stage 54 and heat shocked before removing the distal half of the right hindlimb. Limbs were allowed to regenerate until emergence of the forelimbs at stage 58, whereupon they were observed for the presence or absence of the transgene, euthanized and fixed for analysis. Regeneration was observed in 60% of non-transgenic tadpoles (N = 15), and in 46% of F1 or 27% of F2 animals carrying the G6 transgene (G6 offspring, N = 13, G6.1 offspring, N = 15) ( Table 1 and Fig. 3A ). The number of regenerated digits was significantly lower in the G6 F1 cohort (p = 0.02), or F2 cohort (p = 0.01) when compared to nontransgenic siblings (Fig. 3B ).
3.4. Grem1 overexpression doesn't prevent regeneration in competent limb bud stages, but causes defects in posterior digit development Xenopus hindlimbs recover from amputation of the stage 52 limb bud at knee level by regenerating perfect or near perfect limbs. This stage can therefore be used to test loss of function, as for example in tadpoles overexpressing another BMP inhibitor, noggin (Beck et al., 2006) . In sharp contrast, grem1 overexpression did not block regeneration at this stage (Fig. 4A , Table 1 ). In both groups, 100% of the limbs regenerated, and grem1 overexpression did not result in significantly fewer digits (mean of 4.89 in WT compared to 4.53 in G6 siblings, p = 0.054). Further analysis of the number of autopodal skeletal elements (metatarsals and phalanges, normally totalling 19 in Xenopus hindlimbs) showed that the number of autopod elements regenerated was not significantly reduced (p = 0.098) in the presence of grem1 overexpression (WT mean = 18.16, G6 mean = 17.05). This suggests that the two BMP inhibitors, Noggin and Gremlin, even though they have identical effects on early embryos, have different targets within regenerating limbs, since noggin overexpression always prevented limbs from regenerating (Beck et al., 2006) . While Grem1 did not appear to block regeneration in competent limb bud stages, patterning defects were observed in both the regenerating and the contralateral (developing) G6 limbs ( Fig. 4B-G , Table 1 ). This suggests that grem1 overexpression is altering the redevelopment, or patterning, phase of regeneration. The unoperated left hindlimb on average was composed of significantly fewer skeletal elements in the G6 cohort (Fig. 4B , mean = 17.63, p = 0.01).
Regeneration defects in the WT limbs mostly affected posterior digits V and IV, as expected. However, in G6 regenerating limbs there were more issues with the anterior digits I and II (Fig. 4C) . Defects in the contralateral limb, consisting of missing digits or phalanges, were observed only in the G6 cohort and these were always affecting the posterior digits, digits V and IV (48%, Fig. 4C ). This is also different to the effect of noggin overexpression, which resulted in loss of the most anterior digit, or and brachydactyly (shortened digits) of the anterior digits was more often observed than that of posterior digits (Jones et al., 2013) . Fig. 1 . Grem1 expression, relative to shh and fgf8 supports the two phase limb reciprocal signalling model of Verheyden and Sun (2008) in Xenopus. A-W in situ hybridisation (dark purple staining) of developing (A-L) and regenerating Xenopus laevis limb buds. Note that the posterior limb bud is uppermost as this reflects the posture in which the embryo develops; the tadpole itself is anterior to the left and dorsal uppermost, lying on its side. This orients the limb proximal to the left. Some embryos were pigmented and show black melanophores. A-G) Shh in developing limbs is localised to the ZPA, the posterior distal mesenchyme, as previously shown. Expression appeared strongest at stage 52 and then declined up to stage 55, where it was found in digit V mesenchyme. H-L) Grem1 expression was first seen in distal mesenchyme at stage 50 (H), before becoming cleared from the mesenchyme directly under the AER by stage 51 (I). This trend continued at stage 52 (J) before gradual loss of expression in the autopod so that no transcripts were detectable by stage 54 (K, L). Black arrowheads in C and J indicate amputation site used for regenerating limb experiments and roman numerals indicate digit identity. M-Q) Expression of shh in regenerating limbs amputated at stage 52, midway through the limb bud. Shh was first detected at 2 dpa and was always localised to the posterior distal mesenchyme under the AEC (N-Q). By 6 dpa it was starting to reduce, as the autopod re-differentiated. R-W) Grem1 expression in regenerating limb buds appeared at 1 dpa and from 2 to 4 dpa was localised in distal anterior mesenchyme, reciprocal to shh (R-U). Expression cleared from the autopod at 5-6 dpa (V, W). X) Model of Verheyden and Sun (2008) based on genetic manipulations in mice. Y) Xenopus model showing alignment with the mouse model, FGF data from Wang and Beck (2014) for fgf8. Note limb drawings have been "inverted" to put anterior uppermost as is the convention for amniotes, and black arrowheads indicate amputation level. Grem1 is initially directly in contact with the AER and a positive feedback loop is established between Grem1 and Shh in the mesenchyme and the AER FGFs. This is phase I and corresponds to stage 50 of Xenopus limb development. At stage 51, grem1 is cleared from the distal mesenchyme because fgf levels in the AER rise above the threshold required to switch on an inhibitory loop (phase II). Shh levels continue to rise but grem1 is now distant from the AER Fgfs and may fail to maintain expression (stage 52). This leads to termination of the loop starting at stage 53 and loss of first grem1 and then shh and fgf8 from the autopod. Regenerating limbs are similar although since grem1 is not cleared from the distal mesenchyme until 5 dpa, phase I may last longer, enabling extra growth required to regenerate lost structures.
Grem1 expression in early limb bud stages induces AP limb duplications (bifurcations)
After observing the defects in unoperated contralateral limbs of G6 and G1 tadpoles, we looked to see if earlier expression of grem1 would lead to the ectopic limbs seen when another BMP inhibitor, noggin, is overexpressed early in limb development. To do this, we overexpressed grem1 in G6 tadpoles by heat shocking every day for 5 days, beginning at stage 48, 49, 50, 51 or 52. At no stage did we observe entirely normal development of limbs, and the number of normally developing limbs was lowest at stage 49 for both hind and forelimbs ( Table 2 ). The most common defect in early limb buds (stage 48 to 50) was limb bifurcations, ranging from fully duplicated limbs to polydactyly or branched digits. Later limb buds were more likely to exhibit failure of one of the digits to develop as predicted from our previous experiments. As with noggin (Beck et al., 2006) , we observed formation of completely duplicated limbs when grem1 was overexpressed at stage 49 or 50, affecting both hind and forelimbs (Fig. 5A, B, Fig. 6 ). Interestingly however, we also observed many instances of limbs splitting at more distal levels, which we never observed with noggin. The bifurcations could arise anywhere along the limb, forming a continuum of phenotypes that could be grouped by proximodistal level as arising from the stylopod, zeugopod or autopod (Fig. 5A, B) . However, we never observed duplication of the pelvis, so that the most extreme (proximal level) duplications had two complete femurs articulating with the pelvis on each side of the body (Fig. 6B, F) . Limb mesenchyme fate maps of Tschumi (1957) predict that the future pelvis is quite a large portion of the early limb bud in Xenopus, so this tissue must be refractory to grem1 overexposure. At the other extreme, we noted cases of distal level duplications leading to polydactyly or phalangeal bifurcations (Fig. 6H) , as has been reported for the mouse .
When these defects were grouped (binned) into duplications originating at the level of the stylopod, zeugopod or autopod, we did not observe a simple relationship between level of split and developmental stage at onset of grem1 expression, although there were no complete (proximal) duplications of hindlimbs in the stage 49 cohort, and no distal ones in stage 50, suggesting an inverse correlation between developmental stage and proximodistal split level. There was also a difference between hind and forelimbs, with hindlimb bifurcations at the zeugopod (tibia/fibula) level forming the most common observation, whereas in forelimbs, the split was most often at the stylopod (humerus) level (Fig. 5A, B) . As forelimb development is approximately one Fig. 2 . Inducible expression of grem1 in a stable transgenic line. A) Schematic of the transgene used. At ambient temperatures, grem1 transcription is not expected, but when the temperature is increased, triggering the heat shock proteins to bind to the Hsp70 promoter, grem1 is transcribed in all cells. RFP driven by the lens specific γ-crystallin promoter is always present acting as a visible marker for transgene presence. B) In situ hybridisation for grem1 transcripts in heterozygote and wild type offspring of the G6 male founder. Heat shock was applied for 30 min at stage 30 and the tadpoles fixed after 1 or 3 h, or at stage 15 and fixed after 24 h. Grem1 is overexpressed strongly in G6 F1 tadpoles, so staining reactions for all tadpoles were terminated at the same time, when endogenous grem1 is only just detectable in the WT siblings (Hsu et al., 1998; Pearl et al., 2008) . Note that a phenotype, similar to that seen with Noggin overexpression, develops in embryos heat shocked at stage 15, and presumably results from BMP inhibition. stage behind hindlimb development, this may be an effect of the different relative exposure time (i.e. stage 50 hindlimbs are present at the same time as stage 49 forelimbs). Stage 49 treated limb buds showed the greatest variation in digit number and in mean and median total digit number when all digits at each limb position, e.g., left hindlimb, were counted together (Fig. 5C,  D) . Some of the diverse phenotypes obtained at stage 49 are shown in Fig. 6 . Many tadpoles showed duplications of all four limbs. Although some abnormal posture was observed, the limbs were not hyperdorsalised as we previously observed for noggin (Jones et al., 2013) . Paler skin is clearly seen in preserved tadpoles indicating a ventral limb surface on all limbs (Fig. 6A, B) . The limb skeleton was often seen to bifurcate at a more proximal level to the observed soft tissue syndactyly, so that a limb appearing to branch at the knee often appeared as full limb duplications in skeletal preparations (Fig. 6B, F) .
Xenopus hindlimbs have distinctive digits, making them easy to assign identity to. Digits I, II and III have claws at their tips, with digit IV having four phalanges, digits V and III have three, and digits I and II have two, with digit I being smaller. AP polarity was inverted in the dorsal hind limbs of grem1 animals: in relaxed posture, Xenopus frogs have digit I facing toward the centre of the body (thumbs in, or V-I, I-V). However, the dorsal limb pair was inverted (thumbs out, or I-V, V-I) in many cases (Fig. 6F) . The ventral limb pair was oriented normally. This pattern was also seen with more distal bifurcations (Fig. 6G) . Other defects were observed such as bifurcations of phalanges, bowing of the zeugopod, thickened digits, vestigial digits (Fig. 6H) , and distal fusions (not shown). Because of the diverse range of phenotypes obtained, we examined stage 49 treated tadpoles earlier in development for the expression of key marker genes.
Bifurcated limbs have new fgf8 positive AERs and unaltered dorsal ventral pattern
Given the dramatic phenotypes resulting from grem1 overexpression in early limb buds, we wanted to know what its effect on key marker genes would be. A new cohort of stage 49 G6 tadpoles was produced and heat shock each day for 5 days was used to activate grem1 Boxplots of the number of digits (A) or metatarsals (mtt) and phalanges (ph) (B) regenerated in WT ( = 19) vs. grem1 (G6) overexpressing hindlimbs. Centre lines show medians, box limits are 25th to 75th percentiles, whiskers extend to maximum and minimum values, and crosses indicate the sample means. Significant differences (p b 0.05) are indicated by * and determined using 2-tailed unpaired t-tests. Grem1 overexpression had little impact on regeneration in terms of the number of digits regenerated (A), or in terms of the number of mtt and ph in the autopod (B). Grem1 overexpression did have a significant effect on the developing contralateral limb (B). C) Bar graph of categorised autopodal defects. Anterior defects are more common in G6 regenerating limbs whereas the contralateral limb is more likely to show a defect in the posterior digits. D-G, skeletal preparations of representative WT and G1 hindlimbs. D) WT limbs amputated at knee level at stage 52 most commonly regenerate 5 toes, although defects can still occur: in this case a missing phalanx on digit IV (*). E) G1 amputated also most commonly regenerated 4-5 toes, in this example the black arrowhead indicates absent digit I. F) Wild type control limb autopod showing normal patterning. G) Example of grem1 overexpressing autopod with developmental defects including missing a phalange on digit V (*). Abbreviations: tf, tibia-fibula; ta, tarsus; mt, metatarsal; and p, phalanges; roman numerals indicate digit identity. overexpression. Tadpoles were fixed 1-3 weeks later when they had reached limb bud stages from stage 51 to 55, and used for in situ hybridisation. Fgf8 was used to confirm the presence of duplicated AERs at stages 51-52 (Fig. 7A, B) . At stage 52, wild type limbs showed a bias in fgf8 expression within the AER such that the anterior domain was thicker and appeared stronger than the posterior AER. Although this was less obvious at stage 51, it did appear as if the dorsal (original) limb bud had more fgf8 in the posterior AER, whereas expression of fgf8 in the ventral (ectopic) limb bud appeared more normal. The asymmetry of the AER may underlie the inversion of AP digit order previously observed (Fig. 6F) . Next, we looked at lmx1b, which is a marker of dorsal mesenchyme. As expected, lmx1b was expressed in dorsal mesenchyme of the original limb bud at the level of the zeugopod and autopod (Fig. 7C, D) . Similarly, expression was only seen in one half of the ectopic limb bud, with no connection between the two domains. We did not observe any cases or dorsalised limbs (as seen with noggin overexpression) (Christen et al., 2012) or of mirrored DV symmetry, the limbs were either stacked (D-V, D-V, Fig. 7D ) or the ventral limb was perpendicular to the original (Fig. 7C ). This supported our observations of the normal-looking skin dorsal ventral pattern (Fig. 6A, B) , and suggests that both mesenchyme and epithelial surfaces of the limbs are normally patterned along the dorsal ventral axis. We also looked at expression of sox9, which is transiently expressed in forming cartilage condensations, in later limbs. Although we did not quantify Sox9, it appeared to be normally expressed, albeit in many more digits. Developmental pattern was maintained, with digit IV being most advanced, and digit I least developed (Fig. 7E, F) . Mirroring of the AP axis was seen in bifurcated autopods.
Shh domains are expanded in grem1 overexpressing limb buds, which may cause AP inversion
In an attempt to explain further the AP inversion of the original limb pair, we looked at the expression pattern of shh in limb buds 1-2 weeks after overexpressing grem1 at stage 49. A range of expression patterns was observed, some with simple duplications of shh which appeared to arise when the limb splits either in the dorsal ventral plane (Fig. 8B) or perpendicularly (Fig. 8D) . However, we predict that the bifurcations that resulted in inversion of the original limb AP polarity might arise from expanded shh, which we observed frequently (Fig. 8A, C) . In these cases, shh was not limited to the ZPA, but was extensively expressed in the distal mesenchyme. There was no clear relationship between shh transcription and AP patterning of the limb autopod in these cases, and yet five distinct digits still form from the original and ectopic/branched limb bud (refer to Fig. 5F ). It is interesting to compare these to the phenotypes obtained when discrete shh domains are established outside of the ZPA, either by transplanting ZPA cells, or in mutants where the ZPA is duplicated. In both cases, this resulted in polysyndactylous limbs with a V-I-V pattern, oppositely oriented to the grem1 limbs, which we think may arise from expansion of shh over a much wider area of the mesenchyme than normal. 
Discussion
Regenerating limbs may not use the same patterning mechanisms as developing limbs
Grem1 overexpression induces A-P duplications or bifurcations in developing limb buds, but not in regenerating limb buds. Proximal distal patterning and dorsal ventral patterning were not affected. Together with previous work on retinoid signalling, this suggests that regulation of patterning may be different in developing and regenerating limbs. It has been known for many years that exogenous retinoids can elicit spectacular proximodistal duplications when applied to regenerating amphibian limbs (Maden, 1982; Scadding and Maden, 1986) . Recently, manipulation of endogenous retinoid signalling has also been shown to induce proximodistal duplications in regenerating limb buds (Cuervo and Chimal-Monroy, 2013) . Adding the Cyp26 inhibitor R115866, after wound healing, to competent early stage limb buds amputated through the presumptive femur resulted in the production of complete limbs, including pelvic bones, from the original femur. Cyp26 catabolises retinoic acid (RA) and has been proposed to act as a sink for endogenous RA production from the proximal limb in regenerating Xenopus hindlimbs (Fujii et al., 1997; McEwan et al., 2011) . Interestingly, AP duplications of the autopod were also observed (Cuervo and Chimal-Monroy, 2013) , although from our interpretation of the data the polarity is (V-I, I-V), the pattern expected from duplicating the ZPA. Similarly, the same authors showed a RA receptor (RARb) agonist was capable of producing entire pairs of limbs, complete with pelvis, arising from the femur of the original stump following limb bud transections: a true homeotic transformation. Therefore, in regenerating limbs, both PD and AP pattern are likely regulated by endogenous RA signalling through RARb2. However, the effect of increasing retinoids, exogenously or endogenously, on developing amphibian limbs is a loss of pattern, resulting in increased apoptosis and hypomorphic limbs (Cuervo and Chimal-Monroy, 2013) . Therefore, despite the pattern of RA metabolising and catabolising gene expression in PD or developing limbs, which is re-established in regenerating limbs (McEwan et al., 2011), the effect of RA gradient alterations on patterning during development and regeneration are opposite, suggesting that patterning along the PD and AP axes may be regulated by different methods.
Shh expression is uncoupled from anterior posterior patterning in grem1 limbs
While raising the level of endogenous retinoids causes duplications of the limb only during regeneration, overexpression of grem1 only causes A-P duplications in developing limbs. Furthermore, pelvic duplications were not observed, suggesting that the most proximal part of the limb is insensitive to BMP levels. Grem1 overexpression altered shh expression, so that it was no longer restricted to the ZPA. Missexpression of another BMP inhibitor, Noggin, was previously observed to result in expansion of shh expression beyond the ZPA in both chicken and mouse limbs (Bastida et al., 2009) . Importantly, these authors provide evidence for a negative feedback loop where BMP acts to confine Shh to the ZPA.
The effect of the expanded shh domain in grem1 overexpressing Xenopus limbs appears to be inversion of the A-P axis of the original limb, whereas the ectopic limb has a typical A-P axis. Loss of Shh signalling in mice results in hypomorphic limbs, with only one hypoplastic digit per limb (Chiang et al., 2001; Chiang et al., 1996) and ectopic shh in the anterior to V-I-V duplications (Maas and Fallon, 2005; Riddle et al., 1993; Saunders and Gasseling, 1968; Tickle, 1981) or preaxial polydactyly (V-I, I) (reviewed in (Hill, 2007) . The majority of mirror image duplications elicited by grem1 overexpression were (V-I-V), which is not predicted from either loss or gain of Shh activity. Ectopic grem1 seems to lift restriction on shh expression, leading to expansion across the autopod. The principal role of Shh in limb autopod patterning is to prevent the processing of the transcription factor Gli3 from activator to its repressor form Gli3R, and that this in turn restricts expression of grem1, which is responsible for maintaining shh in the ZPA (via BMP attenuation, reviewed in Robert and Lallemand, 2006) . In gli3 knockout mice, polydactyly (7-8 digits) is observed, but the digits lose their AP identity and all appear equivalent (Litingtung et al., 2002) . In these mice, grem1 expression becomes symmetrically distributed in the autopod, as we would predict is the case in our transgenic grem1 overexpressing lines (Aoto et al., 2002; Panman et al., 2006; Zuniga et al., 2004) . Conversely, in grem1 null mice, shh expression is not maintained, resulting in fewer digits and a loss of posterior identity (Khokha et al., 2003; Michos et al., 2004) .
4.3. Amphibians may be more sensitive to BMP attenuation than amniotes, producing complete AP limb duplications Chicken limb buds infected with a grem1 overexpressing virus exhibited elongated growth in digit IV, attributed to extended shh and AER FGF signalling (Scherz et al., 2004) . In mice however, while the effects of attenuating BMP signalling in limb buds are diverse, there are no reports of enhanced limb outgrowth (reviewed in Pignatti et al., 2014) . Pertinent to this study, in mice that had been engineered to conditionally express grem1 in limb bud mesenchyme, forelimbs were hypoplastic whereas hindlimbs exhibited polydactyly . In this case, the different phenotypes of fore and hindlimbs were attributed to the relative developmental stage of promoter (prx1) activation, and illustrates that BMP attenuation at different developmental stages alters different aspects of limb patterning. This may relate to different BMPs playing distinct roles, for example BMP4 is thought to be the key player in digit identity whereas BMP2 plays a role in dorsal ventral patterning (reviewed in Pignatti et al., 2014) . Early limb bud formation, in contrast, seems to be independent of BMP activity in Xenopus (Christen et al., 2012; Jones et al., 2013; this study) . This may simply reflect the different origins of the limb bud mesenchyme in amphibians, or perhaps we simply did not look early enough. Ectopic grem1 induced polydactyly in older mouse limbs resembles one end of the spectrum of AP duplication we observed in Xenopus. Between 6 and 9 syndactylous digits were formed, with a transformation of digit I to a more posterior identity, general loss of digit diversity, and reduced length of phalanges . Due to this loss of digit diversity, it is not clear whether the syndactyly arises from mirror imaging and inversion of the AP axis as we observed in Xenopus. Polydactylous mouse limbs overexpressing grem1 also exhibited decreased Sox9 protein . We saw no obvious loss of sox9 in cartilage condensations in either noggin (Jones et al., 2013) or grem1 expressing limbs (this study), although we did not quantify protein levels. An important difference between our study and that of Norrie et al. is that the promoter we used would have overexpressed grem1 in the ectoderm and mesenchyme, and this difference may be important, since Shh signalling has also been detected in the AER (Bouldin et al., 2010) . At this stage, it is not clear whether Xenopus limbs are more plastic in terms of re-specifying AP pattern, as might be predicted from their ability to regenerate at early stages. We note, however, that limb regeneration was not similarly affected by grem1 overexpression, as previously discussed.
Noggin and grem1 may have overlapping but distinct targets in the limb bud
Previous work has shown that overexpression of another BMP inhibitor, noggin, in early limb bud development in Xenopus also leads to limb duplications (Christen et al., 2012; Jones et al., 2013) and prevents regeneration (Beck et al., 2006) . Both Noggin and Grem1 are known to inhibit BMPs 2, 4 and 7, the key players in limb development. The endogenous expression pattern of these two BMP antagonists in developing limb is distinct however, with grem1 in the mesenchyme early on and noggin in the condensing cartilages of the autopod (Beck et al., 2006; Pearl et al., 2008) . Moreover, the phenotypes generated by these two BMP inhibitors are distinct, both in developing and in regenerating limbs. While ectopic Noggin ablates limb regeneration, even in competent regenerative stages, Grem1 had no effect on these, and only slightly reduced regenerative capability of older limb buds, i.e. those that were already predicted to be poorly regenerative. The effect of grem1 on regenerating older limbs was similar to that seen in the contralateral developing limb, suggesting that it is an effect of reduced re-patterning. When expressed in developing limbs, ectopic Noggin resulted in duplicated limbs with the original limb pair being dorsalised, resulting in abnormal posture, whereas Grem1 ectopic limbs have normal DV pattern. BMP2 is implicated in DV limb axis patterning in mice and is expressed in ventral ectoderm in early mouse limb buds. Overexpression of BMP2 in the ectoderm leads to dorsalisation of limbs (Maatouk et al., 2009 ). However, it has recently been shown that Grem1 binds to BMP2 and BMP4 with higher affinity than BMP7 , which could implicate BMP7 inhibition in early DV patterning in frog limb buds. Evidence exists that frog limb buds express BMPs other than BMP2, 4 and 7 (Jones et al., 2013) . It is possible that one of these is involved in DV pattern, and that it is inhibited by Noggin, but not Grem1. Both noggin and grem1 overexpression at later stages resulted in loss of autopod elements, resulting in oligodactyly or hypodactyly, although this was more pronounced with noggin. Overexpression of either Noggin or Chordin-like1, another BMP inhibitor, in chicken limb buds has also been shown to result in autopod oligodactyly (Capdevila and Johnson, 1998; Allen et al., 2013) .
Bifurcations resulting in more distal bifurcations of the AP axis were not observed with noggin overexpression, and limbs were always duplicated from the position where the femur articulates with the pelvis. In grem1 tadpoles we saw a continuum of AP bifurcations along the PD axis, ranging from complete limbs to polydactyly of the autopod. Again, this points to different BMP targets for Grem1 and Noggin in limb development.
Is ectopic grem1 inducing branching morphogenesis in limb buds?
The continuum of branched limb phenotypes we observed with ectopic grem1 expression reminded us of the branching morphogenesis patterns observed in organs such as the lungs and kidneys. Branching morphogenesis tends to refer to the formation of branched epithelial tubes that are reproducible yet non-symmetric e.g. lung airway, mammary gland, kidney (reviewed in Metzger and Krasnow, 1999) . Two key morphogens in this process are Fgf10 and BMP4, both of which are also important for correct limb formation. Regulation of BMP Fig. 8 . Expression of hindlimb shh following overexpression of grem1 at stage 49. Shh expression (left column) at stage 51 to 52 is normally restricted to the ZPA but was very variable in grem1 overexpressed hindlimbs. Despite this, we always observed distinct anterior posterior polarity of digits. Here, we attempt to link these patterns via predicted intermediate stages (middle two columns, side and distal view of limb stage 54) to the observed outcome phenotypes (right two columns, side view and digit identity as viewed distally). A) Zeugopod (or stylopod) duplications may arise from early dorsal budding of the limb, and expanded shh expression leading to inversion of the original limb anterior-posterior axis. B) Double autopods (side to side duplications) may arise from splitting of the ZPA, resulting in two autopods that have the same anterior posterior orientation. C) Later branching results in polydactyly or autopod duplication through expansion of the autopod and loss of shh polarity. This also results in an inversion of polarity and an I-V-I autopod which is opposite to the phenotype of a ZPA graft to the anterior. D) Budding from the side of the original limb bud may result in a second ZPA forming perpendicular to the original, leading to partial mirroring of the autopod. Keys: Side view and distal view, purple in stage 54 predicted intermediate represents predicted shh expression intensity is represented by darker shading. Observed outcome (in terms of skeleton) for limb at metamorphosis, digit order from I (most anterior) to V (most posterior). Open circles indicate digits without a claw (posterior digits V and IV) and orange circles indicate digits with claws (anterior digits I and II and digit III).
signalling by antagonist/agonist balance is a common theme of branching morphogenesis. Grem1 is essential in initial stages of ureteric budding during mammalian kidney morphogenesis, requiring BMP4 and BMP7. Grem1 is expressed in metanephric mesenchyme, where it acts to reduce levels of p-smad 1/5/8 by attenuating BMP signalling. Furthermore, BMP4 knockout mice show ectopic ureteric budding (reviewed in (Nishinakamura and Sakaguchi, 2014) . Similarly, in the lung, another BMP inhibitor, follistatin-like 1, antagonises BMP4 to enable branching (Geng et al., 2011) .
Could limbs, which have a distinct and conserved pattern of branching at the skeletal level (one bone in the upper limb, two in the lower limb and 3 to 5 digits), be similarly regulated? Branching morphogenesis can be modelled mathematically using "Turing networks", named for the mathematician Alan Turing, who first described them (Menshykau and Iber, 2013; Miura et al., 2006) . Such Turing networks have also been proposed to explain limb patterning (Badugu et al., 2012) and there is now experimental support for regulation of digit identity by this type of mechanism, involving Wnt and BMP signalling (Raspopovic et al., 2014) . This type of mechanism may also regulate more proximal limb development (Tanaka and Iber, 2013) and could explain the phenotypic range of branch points in Xenopus limbs overexpressing grem1.
Conclusions
We conclude that grem1 is important for pattern formation in the autopod of both developing and regenerating limbs and therefore that normal removal of Grem1 from the forming autopod is necessary for its correct patterning. Grem1, unlike another BMP inhibitor, Noggin, did not prevent regeneration or cause dorsalisation of limb buds, suggesting that Grem1 and Noggin have partially distinct BMP targets in limb development and regeneration. Finally, we suggest parallels between grem1 mis-regulation in developing early frog limb buds and branching morphogenesis phenotypes, which could suggest a new way to view limb bud development and skeletal formation.
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